The CellSearch® system which is still considered the gold standard for the enumeration of circulating tumor cells (CTC) utilizes antibodies against the epithelial cell adhesion molecule (EpCAM) for CTC enrichment. Recently, CTC discarded by the CellSearch® system due to their low EpCAM expression have been isolated and analyzed. We here sought to discuss technical and biological issues concerning the isolation and characterization of EpCAM low CTC, highlighting the enormous potential of this subpopulation discarded by CellSearch®, which might instead reveal an unexpected clinical significance in tumor types where CTC enumeration has never been validated for prognostic and predictive purpose.
Introduction
The CellSearch® system (Menarini Silicon Biosystems, Castel Maggiore, BO, Italy) was placed on the market by Veridex Corporation (Warren, NJ) in 2004, and despite 15 years having passed, it still considered the gold standard for the enumeration of circulating tumor cells (CTC), the first and the only one cleared by the US FDA for monitoring of metastatic breast, colorectal, and prostate cancers [1] .
The CellSearch® system detects CTC from the whole blood of cancer patients through an immunomagnetic selection using a ferrofluid capture reagent. This is a suspension of magnetic nanoparticles conjugated to a mouse monoclonal antibody recognizing the epithelial cell adhesion molecule (EpCAM) present on the surface of epithelial origin cells. The enriched cells are then labelled with fluorescent dyes for the detection of nucleus; cytokeratins (CK) 8, 18 , and 19 (as markers of epithelial origin); and CD45 (expressed on leukocytes), to discriminate the cells of epithelial origin from unwanted blood ones [2] . Therefore, an object is defined as a CTC when having round to oval morphology, a visible nucleus, positive staining for CK, and negative staining for CD45, according to the manufacturer's definition [3] .
The decision to target an epithelial cell antigen for immunomagnetic enrichment of CTC relies on the premise that epithelial cells are absent into bloodstream under physiological conditions [4] . Based on the evidence that monoclonal antibodies directed against EpCAM are broadly reactive with the tissue of epithelial-derived cancers [5] , a series of preliminary studies was performed using flow cytometry assay therefore resulting in the choice of EpCAM as the preferential target for CTC immunomagnetic detection [1] . Nevertheless, in the following years, it became clear that higher numbers of CTC can be detected using alternative, EpCAM-independent methods, suggesting that a mixture of EpCAM-positive and EpCAM-negative tumor cells circulates in the blood [6] .
In this review, we will argue the unresolved issue of CTC undetected by CellSearch®, with a particular focus on the latest developments reported by the group of Terstappen. In particular, we will discuss technical and biological issues concerning the isolation and characterization of CTC expressing no or low EpCAM, highlighting the enormous potential of this subpopulation discarded by the system, which might instead reveal an unexpected clinical significance in tumor types where CTC enumeration has never been validated for prognostic and predictive purpose.
EpCAM high and EpCAM low Circulating Tumor Cells
The presence of CTC exhibiting different phenotypes in the same patient due to tumor heterogeneity induced Terstappen and Co. to conduct in-depth studies on CTC detection through the CellSearch® system, with a focus on discarded ones expressing no or low EpCAM [7] [8] [9] . In 2015, the authors described a method to investigate the presence of two subpopulations of CTC: EpCAM high and EpCAM low CTC. After immunomagnetic depletion of EpCAM high cells, the blood sample discarded by CellSearch® was collected through the Automatic Sample Collection Device (ASCS), inserted between the waste tube from CellTracks Autoprep system and the waste container [7] . The discarded blood coming out of the Autoprep was alternatively collected manually by placing a 50 mL conical tube under the outlet [8] . Both ways, the blood sample waste was then passed through the filtration device and the EpCAM low CTC collected on the microsieve were analyzed by immunofluorescence staining [7] [8] [9] . A cocktail of fluorescently labeled antibodies (pan-CK and CD45) was used to stain cells and to correctly classify them as CTC. The EpCAM low cells had a nucleus identified by DAPI, expressing CK, but not CD45.
Using such proven and relevant testing protocols and tools, three studies were carried out to address how many CTC showing no or low EpCAM expression were discarded during immunomagnetic isolation by CellSearch® and whether their presence was associated with clinical outcome. Results from a pilot study in patients with metastatic lung cancer did not show any significant correlation between the presence of EpCAM low CTC and overall survival (OS), although the percentage of CTC patients increased when adding the number of CTC found in the blood waste [7] . Similar observations were made in a study involving 97 patients with advanced non-small-cell lung cancer [8] . In 2018, the presence of EpCAM high and EpCAM low CTC was determined in castration-resistant prostate cancer and metastatic breast cancer patients in a multicenter study. Here, again, it was showed that the presence of EpCAM low CTC was not correlated with poor OS, even though the number of CTC increased when considering both CTC subpopulations [9] . In all these studies, a significant difference was observed for the presence of ≥5 EpCAM high CTC in relation to OS whereas no significant difference was observed for ≥5 EpCAM low CTC, demonstrating that the strong correlation with survival can be solely contributed to EpCAM high CTC.
EpCAM low CTC Isolation. Technical and Biological Issues
Since CellSearch® was designed for the immunomagnetic enrichment and fluorescent labeling in order to detect circulating epithelial-derived tumor cells [10] , it seems obvious that any variation in epithelial antigen expression compromises the ability of the system to isolate and to identify CTC. Since a downregulation of CK8/18/19 might lead to a reduced ability of CellSearch® to detect CTC, the addition of antibodies covering a broad spectrum of CK into userdefined marker channel has been demonstrated to be a useful tool to improve CTC detection [7, 8] . Therefore, the main technical issue in CTC count by the CellSearch® system is linked to the dynamic expression of EpCAM, resulting, of course, in a significant reduction in CTC yield [11, 12] .
The inability of CellSearch® to isolate EpCAM-negative cells led to a number of studies aimed at comparing the performance of CellSearch® with that of other EpCAMdependent and EpCAM-independent technologies [7, 10] , until Terstappen and Co. for the first time managed CellSearch® instrument in order to recover, isolate, and characterize the cells discarded by the system through the abovementioned approach [7] [8] [9] .
Before proceeding with patient sample analysis, a series of spiking experiments using cells from tumor cell lines with different EpCAM densities was performed in order to validate the test [7, 8] . The obtained results showed that the cell recovery with CellSearch® was directly related to EpCAM antigen density [7] . Therefore, the system was able to detect the cells expressing relatively high EpCAM, while the EpCAM low cells were mostly recovered in the discarded blood samples. The test was then performed on patient specimens, and there again, cells were found in the blood discarded by the CellSearch® [7] [8] [9] . The authors assumed these cells as having no or low EpCAM expression based on data obtained from spiking experiments [7] . Given that the secondary cell lines derive from an already established primary culture and grow in an artificially controlled environment, they are not representative of the high degree of heterogeneity of CTC. In this context and to demonstrate that CTC discarded by CellSearch® really express no or low EpCAM, a simple immunofluorescence staining for EpCAM performed on CTC isolated from blood waste, employing the same clone (VU1D9) used as the system capture reagent, appears to be a necessary step. In our previous study, we demonstrated that 89% of CTC isolated from colorectal cancer patients expressed EpCAM, despite CellSearch® being able to detect only a very small fraction [13] . Furthermore, to corroborate that CellSearch® detects EpCAM high cells rather than EpCAM low , it would be interesting to determine the intensity value of EpCAM staining as it has been done for cytokeratins [8] . According to the steric hindrance of CellSearch® capture reagent, we suggest that staining EpCAM using an antibody recognizing an epitope closer to the plasma membrane could allow to evaluate the high and low expression levels of EpCAM in both enriched and discarded CellSearch® cells. It is clear that spiking experiments are necessary in order to verify the feasibility of such approach, since it could not be easy to be performed using CellSearch®.
The basic concern regarding the CellSearch® is represented by its heavy reliance on cell surface expression of EpCAM and, therefore, by the loss of a significant proportion of CTC not having sufficient epithelial cell surface and being thus excluded from the analysis [6] . From a biological point of view, the system inefficiency is generally attributed to epithelial mesenchymal transition (EMT), a precise process which leads a polarized epithelial cell to undergo multiple biochemical changes allowing it to assume a mesenchymal cell phenotype, with distinct and specific features [14] .
EMT confers on tumor cell migratory and invasive properties required for the metastatic process [15] , thereby downregulating EpCAM expression. However, it has been demonstrated that EMT is not always required for metastasis [16, 17] and evidence of hybrid CTC coexpressing both epithelial and mesenchymal markers which are attributed to them enhanced metastatic potential has been also provided [18] . Moreover, it is conceivable that the presence of EpCAM high CTC is due to highly proliferative epithelial cells which prevail over mesenchymal ones in generating macrometastasis [19] . On the other hand, mechanisms, other than EMT, might be involved in spreading of EpCAM low CTC [17] . Conditions of profound stress, such as treatment with antitumor agents and hypoxia, promote cellular plasticity without necessarily involving the loss of EpCAM. For instance, in an in vitro study, the chronic exposure to bevacizumab induced underestimation of CTC through CellSearch® due to altered EpCAM isoform expression [20] . Different conformational states of the antigen might mask the antibody binding site or even decrease its binding affinity, especially when EpCAM is immobilized on magnetic core nanoparticles and thus its orientation is limited by steric hindrance. Furthermore, the proteolytic cleavage containing the epitope recognized by EpCAM clone might negatively affect CTC detection [13] .
EpCAM low CTC from a Clinical Perspective
Overall, numerous studies have provided evidence that CTC expressing no or low EpCAM are frequently detected in specific tumor types [21] [22] [23] [24] [25] and an increasing number of studies have demonstrated that EpCAM-negative CTC are associated to worse prognosis. EpCAM-negative CTC, thus undetected through CellSearch®, have been correlated with poor prognosis in colorectal cancer patients in the course of antiangiogenic treatment [26] as well as with the emergence of brain metastasis in triple-negative breast cancers [27] . Further studies using multiparametric flow cytometry have associated EpCAM-negative CTC with a significantly decreased OS in breast cancer patients [28] . CTC negative for EpCAM, but expressing different stemlike markers, were found directly involved in increased brain metastatic properties using breast cancer and lung cancer PDX models [29] . EpCAM low CTC have been found significantly associated with tumor depth, lymph node metastasis, and increased malignancy in gastric and endometrial cancers after staining by anti-CD45, anti-EpCAM, anti-CK, and anti-CEA (CD66e) antibodies [30, 31] . All these studies suggest that EpCAM low cells have prognostic significance independent of the isolation method used. Furthermore, evidence has been provided that EpCAM-negative CTC are preferentially associated to brain metastases [32] , while EpCAM-expressing CTC are more prognostic in tumors with propensity to bone metastases [33] , thus suggesting that EpCAM-positive and EpCAM-negative subpopulations of CTC are able to differently determine organ tropism [34] . In this context, the results obtained by de Wit et al., who investigated the prognostic role of EpCAM-depleted blood fractions in prostate and breast cancers, could be better explained [8] . Authors failed to demonstrate any prognostic value of EpCAM low CTC for OS in castrationresistant prostate and breast cancer patients, without taking into consideration that they analyzed only patients with tumors characterized by propensity to bone metastases. Alternatively, the choice to detect EpCAM low CTC using pan-CK antibodies, thus missing pure mesenchymal CTC in the EpCAM low cell fraction, might be a further explanation of their results. Indeed, several studies have demonstrated that pure mesenchymal CTC phenotypes are associated with inferior prognosis regardless of EpCAM expression [35] [36] [37] . Thus, the prognostic and predictive significance of EpCAM low CTC still leaves many open questions and the reasons for contradictory results between studies should be urgently addressed. The widely accepted concept of intratumoral heterogeneity, which represents the lifeblood of cancer, implies that this heterogeneity must be necessarily maintained at the CTC level. From this point of view, the presence of distinct CTC pools characterized by different EpCAM expressions is not surprising. Although the prognostic and predictive value of EpCAM high CTC has been widely demonstrated at least in some tumor types, no studies comparing the EpCAM high and EpCAM low subpopulations isolated from the same patient have been provided to date [38] . At this regard, the study by de Wit et al. sounds pioneering in that it would allow to evaluate the prognostic and predictive potential of enriched CTC as well as those discarded with the same method, in the same patient, in the same blood sample, and in a single workflow. It is conceivable that the isolation and characterization of CTC discarded by CellSearch®, due to the low expression of EpCAM, might reveal an unexpected clinical significance especially in those tumor types where CTC enumeration has never been validated for prognostic and predictive purpose.
